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Abstract
Magnetic Particle Imaging (MPI) is a novel tracer-based imaging modality that allows for exquisitely sensitive cell
therapy tracking in vivo, cancer imaging, lung ventilation/perfusion imaging, and hemorrhage detection. MPI
uses superparamagnetic iron oxide Particles (SPIOs) as tracers with linear contrast, zero tissue attenuation, and
micromolar sensitivity, all with zero ionizing radiation and infinite reporter persistence. However, MPI’s poor spatial
resolution (roughly 1 mm in a 7T/m gradient) is holding back clinical translation. Using an arbitrary waveform
relaxometer (AWR) which is similar to an MPS in that it is used to characterize the magnetics of the nanoparticles,
our lab recently reported the use of superferromagnetic nanoparticles (SFMIOs) for MPI demonstrating a 10-fold
improvement (≈100µm) in resolution compared to the approximately 1 mm for commercially available SPIOs. In
the current work, we detail the production of SFMIOs for MPI using a modified extended LaMer synthesis. We
implement a post-oxidation step to the process for repeated and reproducible production of high resolution SFMIO
particles.

I. Introduction

The resolution in magnetic particle imaging (MPI) de-
pends on the magnetic property of the superparmagnetic
iron oxide (SPIOs) particles and the gradient strength of
the scanner [1, 2]. The magnetic resolution of SPIO de-
pends on the slope of the linear part of the langevin func-
tion and by improving the magnetic property (dM/dH)
one can improve the resolution of the images in MPI.
The langevin physics predicts a cubic improvement in
the magnetic properties with increase in size of the par-
ticles, however, larger size particles are affected by relax-
ation delay causing blurring rather than improving MPI
resolution [2, 3].

In a pioneering work from our lab, we reported the use
of superferromagnetic nanoparticles with a near ideal
dM/dH that shows almost a step like response with the
applied field [4], improving MPI resolution by almost 10-
fold compared to commercially available particles. Un-
like superparamagnetic nanoparticles, superferromag-
netic nanoparticles interact with each other’s local mag-
netic fields and form chains. The dipole interaction and
chaining of the strongly–interacting nanoparticles is be-
lieved to cause SFMIO behaviour. The extended La Mer’s
method of magnetic particle synthesis provides great
control over particle size and thus their magnetic proper-
ties [5] for SFMIO synthesis. The thermal decomposition
method of particle preparation uses metal-organic pre-
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cursors that form crystalline nanoparticles under con-
trol conditions. However, in the process the crystalline
iron oxide phase of nanoparticle is often surrounded by
magnetically "dead layer" or contain partially oxidized
core. Controlled oxidation of the dead layer and core has
shown to both improve the crystalline phase of the par-
ticles as well as the magnetic properties of the particles
[6–8]. In this work, we evaluate the effect of ripening and
under varying oxidative conditions and their effect on
MPI image resolution.

II. Methods and Materials

Iron oxide nanoparticles are synthesized in three steps
and follows a procedure similar to that used in Vreeland
et al [5]. First, to produce the base iron oleate precur-
sor, we react iron (III) acetylacetonate (3.3g) with oleic
acid (15ml) at 320°C for 30 minutes. The reaction is kept
under a constant nitrogen gas. once synthesized, the pre-
cursor is used without purification. This preserves the
iron stoichiometry within the oleate, as the added iron
(III) acetylacetonate3 is a crystaline solid, and is used to
estimate iron concentration of the precursor.

Once the iron oleate precursor is made, it is diluted to
to the chosen working concentration (0.223M) by using
octadecene. The diluted precursor is added to a syringe
and to be dripped into our reaction in a separate 3 neck,
150ml flask, 5.1 ml of octadecene is added and both the
side necks are sealed using teflon septa. The precursor
syringe with penetration needle is punctured into the
Teflon septum of the reaction flask. An initial nitrogen
purge is done at high flow (30s at > 1LPM), the flow is
then reduced extensively to reduce solvent/surfactant
loss at high temperatures. The reaction flask lowered
into a solder bath at 290°C, and the precursor syringe
is hooked into a syringe pump. An overhead stirrer is
inserted into the middle neck and set to stir at 400rpm.
Once the reaction is assembled, the temperature of the
reaction bath is increased to 360°C. Once the tempera-
ture is stable, the iron oleate precursor is dripped in at a
rate of 6mL/hour for 25 minutes.

After particle synthesis, we test various post-synthesis
oxidation and annealing steps to optimize particle reso-
lution as highlighted below. Particles are then suspended
in hexane and washed via centrifuge. Magnetic proper-
ties were analyzed in our arbitrary waveform relaxometer
(AWR) [9] at a frequency of 20 kHz and excitation ampli-
tudes ranging from 2-24 mT. For further technical details
on the AWR, please see the cited paper.

III. Experiments and Results

After iron oleate precursor is dripped into the reaction
flask for 25 minutes, we tested to see the significance

Figure 1: FWHM of the particle PSF with ripening times rang-
ing from 0 to 20 minutes in nitrogen. Non-oxidized particles
(red) were washed immediatly after ripening. Oxidized parti-
cles (blue) were washed after annealing for 12 hours exposed
to air.

of heating our particles in nitrogen for a variable pe-
riod of time–effectively enforcing a ripening event [10].
Thereafter, if we left our particles to anneal in air for an
extended period of time after ripening (over 12 hours),
we saw a significant improvement and consistency in
full width at half maximum (FWHM) resolution (see Fig-
ure ??). However, if we washed particles immediately
without annealing, there was no significant improvement
in SFMIO behavior despite the ripening step. Proving
the importance of both ripening our particles at high
temperatures and annealing our particles exposed to air
post-synthesis.

To determine if an oxidation step during anneal-
ing was more important rather than simply annealing,
synthesis procedures were compared after 10 minutes
of ripening. We annealed freshly synthesized parti-
cles overnight in nitrogen gas versus particles annealed
overnight exposed to air. The particles exposed to air
produced our highest resolution particles as of yet, with
a narrow point–spread–function (PSF) and a FWHM res-
olution of 0.8 mT (see Figure 2). On average, the particles
annealed in air showed a 60% improvement in FWHM
resolution and a 70% improvement in FWHM standard
deviation relative to particles annealed under inert con-
ditions of nitrogen (see Figure 3), which describes a de-
pendency on oxidation after synthesis.

IV. Discussion

Oxidation of "magnetically dead layer" can generate pure
phase wüstite and magnetite iron oxide nanoparticles
[6, 8]. The pure crystalline phases of the particles greatly
improve the magnetic properties and thus the MPI per-
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Figure 2: PSF of 0.8 mT resolution iron oxide nanoparticles
annealed in air compared to particles annealed in nitrogen.

Figure 3: FWHM of particles’ PSF left overnight in air compared
to particles in nitrogen. Bars signify standard deviation.

formance. Annealing of SFMIO particles in air provided
consistent and reproducible production of high resolu-
tion MPI particles (≤1.5 mT).

V. Conclusion

By elucidating the importance of the post-synthesis
ripening and oxidation, we have greatly improved the
FWHM of our particles’ PSF and consistency of high reso-
lution SFMIO particles, but further research is needed to
allow for more consistent high–resolution particles. Cur-
rently, particles with a resolution of 1.5 mT or better are
synthesized less than 10% of the time. This is a result of
the many oxidation phases that iron oxide nanoparticles
have. Further studies need to be conducted to charac-
terize the synthesized SFMIO particles and also increase
phase control by more precisely modulating oxidation
by the addition of a heated oil bath and continuous mon-
itoring of FWHM resolution over time.
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